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INTRODUCTION
Drought, land degradation and desertification (DLDD) are serious global threats to humans and the environment. Globally, 10-20% of drylands and 24% of the world's productive lands are potentially degraded, which affects 1.5 billion people and reduces GDP by €3.4 billion. In Africa, DLDD processes affect up to a third of savannahs, leading to a decline in the ecosystem services provided to some of the continent's poorest and most vulnerable communities. Indirectly, DLDD can be monitored using relevant indicators. The encroachment of woody plants into grasslands, and the subsequent conversion of savannahs and open woodlands into shrublands, has attracted a lot of attention over the last decades and has been identified as an indicator of DLDD. According to some assessments, bush encroachment has rendered 1.1 million ha of South African savanna unusable, threatens another 27 million ha (~17% of the country), and has reduced the grazing capacity throughout the region by up to 50%.
The only viable method of mapping and monitoring woody vegetation cover over large areas is via the use of Earth Observation (EO) technologies. The Landsat programme, especially, offers an unparalleled achieve of free, radiometrically corrected, high-resolution data that date back to the early 1970s. A number of studies have employed optical Landsat data to map the extent of woody cover and/or to monitor its change through time (Symeonakis and Higginbottom, 2014; Yang and Prince, 2000) . Although pixel-based Bayesian approaches (e.g. maximum likelihood) were the most commonly applied land cover classification techniques until recently, the majority of studies currently employ machine learning algorithms, such as random forests, support vector machines, etc. which have been shown to be more efficient (Rodriguez-Galiano and Chica-Rivas, 2015) . In African environments, random forest classification and * Corresponding author multitemporal Landsat imagery have been successfully employed to map land cover in Zanzibar (Knudby, et al., 2014) , Madagascar (Grinand, et al., 2013) and South Africa (Symeonakis and Higginbottom, 2014) .
The aim of this study is, therefore, to employ random forests classification to map and monitor woody vegetation cover in the Northwest Province of South Africa over the last decades. Specific objectives include: (i) the mapping of woody cover, other vegetated areas and non-vegetated areas every 4-to-5 years over the last 25 years, and (ii) the identification of areas where woody cover is increasing over time. The latter would then allow potential bush encroachment to be identified in the field, mitigation measures to be prioritised and the effectiveness of existing control measures to be assessed.
MATERIALS AND METHODS

Study area
The study area is the Northwest Province (NWP) of South Africa. It covers an area of 104,882 km 2 . Temperatures range from 17° to 31 °C in the summer and from 3° to 21 °C in the winter. Annual rainfall is ~360 mm (~14 in), with nearly all of it falling during the summer wet months, between October and April (Wikipedia, 2016) .
Around 70% of the Province falls within the Savannah Biome (Bushveld vegetation). The remainder falls within the Grassland Biome, which contains a variety of grasses typical of arid regions. Ten different vegetation types are found, mostly belonging to the thornveld, bushveld or savannah grassland categories (Walmsley and Walmsley, 2002) . The vegetation variation follows the respective east-west variation in the climatic characteristics.
With the east-west variation in climate and rainfall, there is a corresponding gradation in the vegetation types. In the western part of the province, which are arid/semi-arid, Kalahari thornveld and shrub bushveld are more common. The central region is dominated by dry cymbopogon-themeda veld while the eastern region by a number of mixed bushveld types (Walmsley and Walmsley, 2002) .
Bush thickening and encroachment is a serious problem in the Northwest Province. In a number of districts the land is no longer reclaimable by farmers. The most important bush encroachment and alien invader species are Acacia, Mesquite, Syringa and Eucalyptus (Walmsley and Walmsley, 2002) . 
Datasets
Seven dry-season mosaics were created from the following epochs: 1990, 1994, 2002, 2007, 2011 and 2015 . The Landsat imagery employed to create these mosaics are shown in order: 1990, 1994, 1998, 2002, 2007, 2011, 2015. When ETM+ SLC-off data were used, an asterisk denotes the chosen date while no asterisk the dates used to fill the gaps with the Gapfill plug-in of ENVI (Exelis, 2014) .
Classification
Initially, random forest regressions were carried out using the open source R statistical language. Random forests have been shown to produce highly accurate models, whilst reducing the occurrence of overfitting (Symeonakis and Higginbottom., 2014; Higginbottom et al., subm.). For more details on Random Forest and its implementation in R, see Breiman (2001) and Liaw and Wiener (2002) .
The R package used, estimates a confusion matrix, overall statistics (accuracy, kappa as well as the p-value for McNemar's test) and statistics per class (sensitivity, specificity, prevalence, detection rate, detection prevalence, balanced accuracy). These accuracy statistics were reviewed and the training samples were modified accordingly to achieve the optimum predictive models. 
RESULTS & DISCUSSION
A sample of the accuracy statistics estimated by the random forest regressions for the seven time slots are summarised in Table 2 . Accuracy of random forest regressions Overall accuracies around 80% were achieved which compare favourably with other similar classification attempts in drylands (Lucas et al., 2006) . Overall kappa statistics varied from 0.45 for 1994 to 0.66 for 2002. According to the individual class statistics, for all seven dates, the class that was more accurately identified was the woody class, while the class which is more difficult to map is the no-vegetation class.
According to our results, woody vegetation covers a quarter of the area of the Northwest Province. It appears to be increasing slightly over the course of the 25 years of the study period ( Figure  2 ). Other vegetation cover types, including grasses and crops, cover ~65% of the area and appear to be on the decrease while urban areas and bare land are expanding -together they cover ~10% of the Province. Council for Scientific and Industrial Research (CSIR) for 1994 , 2005 using Landsat data (Fairbanks et al., 2000 Ngcofe and Thompson, 2015; Van der Berg et al., 2008) . However, the mapped changes in the extent of woody cover cannot be directly linked with land degradation, as Eldridge et al. (2011) and Wessels et al. (2007) point out. The connection between the expansion of woody cover and the changes in climatic conditions needs to be investigated prior to drawing any conclusions regarding the state of land in the areas of increased woody cover. Moreover, the methodology presented here does not distinguish between certain types of bushes that are considered to be encroaching in the study area and are believed to be an indicator of accelerated land degradation and other woody species, including trees, that are beneficial to the local communities. Figure 4 shows the spatial distribution of the changes that have occurred between the three land cover types in the last 25 years. The areas in brown are those that, through the years, have changed from the other two types to woody and are currently, (i.e. in the year 2015), woody. The vast majority of these areas are concentrated around two parts of the Province: northeast of Vryburg and northeast of Mbabatho. A large number of areas, in different parts of the study area, have experienced a shift to other vegetation land cover types, including grasses and crops. Finally, the largest conversion to urban or other non-vegetated land cover has occurred in the eastern border of the Province with the province of Gauteng, due to the expansion of urban areas (e.g. Moumong, Ga-Kwate, etc.) and the opening of new quarry sites (e.g. south of Damonsville).
The identified changes are in agreement with other studies in the Northwest Province (Shoeman et al., 2010) . The areas where woody cover is steadily increasing over the last 25 years should be prioritised for further in-situ verifications. These are potentially the areas where bush encroachment might be occurring and where mitigation actions should be considered. If the latter are already in place, such as aeroplane treatment, hand control and/or rotational grazing, their effectiveness should be investigated. Ideally, mitigation actions should accelerate and assist in the regeneration of open savannas with a balanced coexistence of grass and woody plants (Harmse et al., 2013) . 
CONCLUSIONS
Woody vegetation encroachment in southern African savannas causes an imbalance in the grass-woody ratio and a significant decrease of agricultural production. 10 to 20 million ha of rangelands in South Africa have seen a decrease in carrying capacity due to bush encroachment (Ward, 2005) . The Northwest Province of South Africa has increasingly been experiencing problems of bush encroachment that greatly affects grazing capacities and food production. It is therefore important for accurate, high resolution and low cost monitoring mechanisms to be devised for woody cover thicketisation and expansion identification. Our study that maps and monitors woody cover in the Province using multi-temporal Landsat data and open source modelling tools is a positive step towards this objective. Future work will identify how and to what extent the observed changes in woody cover are related with climatic variations and land management or other anthropogenic factors. The incorporation of
